Anatomic, echocardiographic and ECG findings of left ventricular hypertrophy (LVH) were compared in 34 subjects. Echocardiographic LV mass correlated well with postmortem LV weight (r = 0.96) and accurately diagnosed LVH (sensitivity 93%, specificity 95%). In contrast, Romhilt-Estes (RE) point score and Sokolow-Lyon (SL) voltage criteria for ECG LVH were insensitive (50% and 21%, respectively) but specific (both 95%). RE correlated weakly with LV weight (r = 0.64), but SL did not. Echocardiographic LV mass was then compared with RE and SL in an unselected clinical series of 100 subjects, in 28 subjects with severe aortic stenosis (AS) and in 14 with severe aortic regurgitation (AR). Results in the clinical series were comparable to those in the necropsy series. In the AS and AR groups, with a high prevalence of LVH, the low sensitivity of RE point score and SL criteria led to poor overall results. Analysis of individual ECG variables showed that most voltage information is contained in leads aVL and V. Correction of voltage for distance from the left ventricle did not substantially improve results. Individual nonvoltage criteria were each nearly as sensitive as RE point score. We could not devise new ECG criteria that improved diagnostic results. We conclude that the ECG is specific but insensitive ill recognition of LVH. Moreover, when true LVH prevalence is less than 10%, more false-positive thaun true-positive diagnoses will be obtained. M-mode echocardiographic LV mass is superior to ECG criteria for clinical diagnosis of LVH.
RECOGNITION of left ventricular hypertrophy (LVH) is essential in assessment of the cardiac patient. Methods of diagnosis include physical examination, electrocardiography and chest roentgenography, but all have limitations.t`3 Biplane left ventriculography provides quantitative assessment of LV muscle mass, but complexity, cost and risk limit its use.4 M-mode echocardiography reveals septal and posterior wall thickness and a left ventricular minor diameter.5' 6 Good correlations between M-mode echocardiographic and angiographic LV mass have been reported.6'8 We have described a modification of the "cube-function" method, which permits prediction of postmortem weight with an accuracy comparable to that of biplane angiography.8 This method has research value, but its clinical impact is uncertain. Therefore, we examined the relationships of anatomic, echocardiographic and ECG indexes of LVH and their clinical implications.
Methods

Study Populations
Four populations were examined. In group 1 (34 subjects), echocardiograms and ECGs obtained shortly before death were compared with postmortem anatomic LV weight. Group 2 was an unselected clinical series of 100 consecutive subjects in whom echocardiograms and ECGs were obtained. Both groups were similar in age, sex distribution and diagnosis (table 1) . Subjects with genetic asymmetric septal hypertrophy, known prior myocardial infarction or left bundle branch block were excluded from the clinical series because these disorders impair ECG recognition of LVH. However, most subjects with coronary disease in the necropsy series had pathologically demonstrated areas of infarction and one had left bundle branch block. Group 3 consisted of 28 consecutive subjects with significant aortic stenosis (AS), defined as a peak systolic aortic valve gradient of 50 mm Hg or more or an aortic valve area index of 0.5 cm2 or less. Group 4 consisted of 14 consecutive subjects with severe aortic regurgitation (AR), defined as 3-4+ angiographic regurgitation.9 Electrocardiography Standard 12-lead ECGs obtained within 2 weeks of echocardiography were interpreted blindly by both investigators. No Aortic regurgitation 14 175-725 93% Echo
Abbreviations: LV = left ventricuilar; LVH = left ventricular hypertrophy.
the necropsy series, it was used as a reference standard for ECG in groups 2-4 (table 2).
Sokolow-Lyon Voltage Criteria for LVH
In the necropsy series, SL voltage criteria correlated poorly with LV weight ( fig. 3 , r = 0.30, P = NS). Correct SL diagnoses of LVH were made in only three of 14 subjects with LVH (table 3) . There was also one false-positive diagnosis among 20 normal subjects (sensitivity 21%, specificity 95%, accuracy 65%).
In the clinical series (group 2), echo LV mass showed true LVH in 30 of 100 subjects, and SL NECROPSY SERIES voltage criteria performed slightly better (sensitivity 53% [16 of 30] , specificity 86% [60 of 70], accuracy 76%).
In AS (group 3), SL criteria correctly diagnosed nine of 21 subjects with LVH and six of seven normal subjects (sensitivity 43%, specificity 86%) ( fig. 4 ); these results were similar to those in group 2, but because of the high prevalence of LVH, accuracy was only 54%.
In AR (group 4), nine of 13 subjects with LVH were correctly identified, but the one true negative was falsely positive (sensitivity 69%, accuracy 64%) ( fig. 4 ).
In group 2, the correlation of SL voltage and echo 4 Aortic regurgitation 69% (9/13) 0 (0/1) 64%' (9/14) LV mass was weak but statistically significant (r = 0.45, p < 0.01). In contrast, in the AS and AR groups, which had a high prevalence of true LVH, there was no correlation with LV mass ( fig. 4 ).
Romhilt-Estes Point Score Criteria for LVH
In the necropsy series, the RE point score showed a weak but significant correlation with LV weight (r = 0.66), with a wide scatter ( fig. 5 ). RE point score correctly identified 19 of 20 true normal subjects (95% specificity), but only seven of 14 true LVH subjects were correctly diagnosed (sensitivity 50%). Overall accuracy was 74%. Comparison with echo LV mass in the clinical series (group 2) showed a sensitivity of 50% (15 of 30), specificity of 97% (68 of 70) and accuracy of 83% (table 4, fig. 6 ).
In AS, the RE point score correctly diagnosed only six of 21 true positives (sensitivity 29%) and three of seven true negatives were falsely diagnosed as positive (specificity 57%) (table 4, fig. 7 ). Overall accuracy was only 32%. In AR, sensitivity increased to 69% (nine of 13) but the one true negative was misclassified, so overall accuracy was 65%.
The unselected clinical series showed a correlation between echo LV mass and RE point score similar to that with anatomic LV weight in group 1 (r = 0.64, fig. 6 ). A significant correlation was also found in AR ( fig. 7 ). In AS however, no correlation was observed.
Relationship of ECG Voltage to LV Mass
To clarify the role of ECG voltage in recognition of LVH, we examined qualitative and quantitative aspects of voltage-LV mass relationships in group 2. Selected results are shown in tables 5 and 6. Other potential voltage criteria examined gave less satisfactory results.
Relationship of Nonvoltage Criteria to LV Mass
To clarify the role of nonvoltage criteria in ECG LVH, we examined the qualitative and quantitative accuracy of individual criteria. These results are shown in tables 7 and 8. Effect of Other Variables on ECG Accuracy The relationship between voltage criteria and echo LV mass was similar in men and women. Pericardial effusions, which were generally small, in 25 of 100 subjects in group 2 did not influence ECG sensitivity. It has been suggested that ECG voltage may correlate more closely with LV wall thickness than with LV mass," but in group 2, voltage correlated more closely with LV mass than with either conventional or Penn measurement of posterior wall or septal thickness. For example, for S-wave voltage in lead V,, r = 0.35 vs standard posterior wall thickness but 0.60 vs LV mass.
Discussion
Our necropsy data confirm that the RE point score is specific but insensitive.' In contrast, necropsy data on SL voltage do not support the widespread impression that SL is more sensitive but less specific than RE. Rather, SL was less sensitive than RE, with comparable specificity. Prior quantitative data with necropsy correlation are not available for either RE or SL criteria. This study indicates that neither set of criteria correlates closely with LV weight.
The excellent sensitivity, specificity and accuracy obtained using echocardiographic criteria for LVH, and the excellent quantitative correlation between LV weight and echo LV mass, clearly show that this method is highly reliable and is far better than existing ECG methods in a population with a wide range of LV size and morphology, and lacking only subjects with genetic asymmetric septal hypertrophy, LV aneurysm or massive myocardial infarction. Nixon et al.'5 have also confirmed the reliability of the method angiographically.
CLINICAL SERIES
r Specificity
Ilk 68/70-97% In contrast, early attempts to estimate LV wall thickness and mass by cross-sectional echocardiography in man have been disappointing, despite excellent results in animal models.'6 Our initial in vitro data suggest that quantitative cross-sectional echocardiography may ultimately provide more accurate results than M-mode. 17 The differing populations we studied permit assessment of the limitations of RE and SL criteria in a variety of settings. In a clinical population with moderate LVH prevalence (e.g., group 2), the principal problem was false negatives, but the accuracy of both methods was above 75%. In contrast, in populations with a high prevalence of LVH (e.g., groups 3 and 4), the high false-negative rate renders both sets of ECG criteria essentially worthless. The poor quantitative results obtained in AS and AR with SL and in AS with RE suggest that ECG LVH is not likely to have inherent prognostic value in these settings. The relatively good quantitative results obtained with RE criteria in AR are noteworthy, and may explain the apparent prognostic value of RE point score in this setting.'8 Our data also predict that when LVH prevalence is below 10%, both RE and SL criteria will identify more false positives than true positives. Thus, it may be unwise to use ECG LVH for screening or epidemiologic purposes.
Analysis of the relationship of voltage criteria to LV weight and echo LVmass yielded several surprises. R waves in V, and V, leads contain little useful information about LVH. Instead, most voltage information is found in leads aVL and V,. We evaluated several new voltage formulas for LVH, but none was superior to the RE point score. Correction of voltage for the effect of distance attenuation'9 failed to enhance results appreciably. This may be due to a decrease in ratio of voltage to LV mass with progressive LV dilatation.20
Nonvoltage markers of LVH gave diagnostic accuracy comparable to RE point score or SL voltage in group 2, including STT strain, left atrial abnormality, QRS prolongation, left-axis deviation and intrinsicoid delay. Thus, the clinician, in the absence of other known causes, could take any one of these criteria as a sign of LVH.
Our findings clarify and extend several recent reports with respect to echocardiographic and ECG recognition of LVH,"" using larger numbers of patients, a variety of study populations, and an absolute anatomic reference standard. The poor relative sensitivity of ECG criteria and the limited correlation between SL voltage and LV mass are confirmed.' [21] [22] [23] [24] [25] We have also shown that the RE point score does not consistantly improve ECG results, and that a simple M-mode echocardiographic method substantially improved the clinical recognition of l VH in all populations studied. We conclude that available ECG criteria for LVH are of limited value. When accurate noninvasive recognition of LVH is required, M-mode echocardiographic determination of LV mass is the method of choice. Hearts were divided into six to 24 short-axis slices (n = 123), imaged in a tank filled with mineral oil and the images planimetered. Calibrated photographs-and actual LV weight served as reference standards. Estimates of section LV cavity volume and myocardial volume were derived by multiplying the appropriate area by section thickness. Section LV mass was obtained by multiplying the myocardial volume by myocardial density. Total LV cavity volume and myocardial mass were derived using Simpson's rule and a short axis area-apical length method. In absolute terms, 2-DE underestimated LV cavity area but accurately estimated LV myocardial area. Excellent correlations were obtained between 2-DE and photographic standards for section cavity area (r = 0.95) and volume (r = 0.90). Simpson's rule (r = 0.97) and area-length (r =-0.82, r = 0.90, excluding one heart with a bizarrely shaped LV cavity secondary to extensive mural thrombus) estimates of total LV cavity volume also correlated well with reference standards. Similarly, section LV myocardial area correlated well with photographic myocardial area (r = 0.89) and 2-DE and photographic estimates of section LV mass correlated well with actual LV weight (r = 0.92 and 0.96). Consequently, total LV mass obtained with Simpson's rule or the area-length method was highly reliable (r = 0.93 and 0.92, respectively). We conclude that 2-DE can provide reliable estimates of LV volume and mass using the short-axis Simpson's rule or area-length methods and appropriate regression corrections. The area-length method is simple enough to permit clinical application. strated the accuracy of in vitro canine LV volume and mass in symmetric and asymmetric ventricles,1-3 LV volume determination in a beating dog heart preparation,4' in vivo canine LV volume and mass,6-10 and in vitro human LV cast volume." Moderately good correlation of human in vivo 2-DE LV volume and ejection fraction with angiographic and/or radionuclide methods has also been reported. 8 12-18 However, 2-DE assessments of LV volume and mass have not been validated directly with quantitative anatomy in man. The present study was designed to test the accuracy of 2-DE imaging of individual cardiac sections and of derived estimates of total LV volume and mass in the postmortem human heart.
Methods
Specimen Collection
Thirteen postmortem human hearts, 300-1100 g, with a wide range of pathologic diagnoses (table 1) were obtained from the necropsy service. Nine were 1398
